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Introduction

» Top quark is the heaviest particle discovered till now (mass
close to the scale of electroweak symmetry breaking).

» The production and decay of top quark through flavor
changing neutral current (FCNC) couplings are very
sensitive to new physics contributions.

» The new physics effects can be studied in a
model-independent way by an effective FCNC Lagrangian

g

Ry, —
Lo = —gs Y ST T(ffy + ih{s)aGh, + . + (Z,7)

g=uc NP

k: anomalous couplings; Anxp: new physics scale.



Direct top quark production

The most sensitive process to t-g-g anomalous couplings
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In general, a next-to-leading order (NLO) QCD correction
is capable to reduce the scale dependence significantly.
Last year, Liu, Li, Jin and I carried out the NLO
calculations (Phys. Rev. D 72, 074018). The results were
surprising: the scale dependence was NOT improved for
direct top quark production at LHC, and even became
WORSE in the region p, = puy < my.



» In order to isolate the new physics contributions, it is
important to reduce the uncertainties coming from the
standard model.

» Especially, the Born cross sections for processes at hadron
colliders suffer from large dependences on the
renormalization scale p, and factorization scale py.

» In general, a next-to-leading order (NLO) QCD correction
is capable to reduce the scale dependence significantly.

» Last year, Liu, Li, Jin and I carried out the NLO
calculations (Phys. Rev. D 72, 074018). The results were
surprising: the scale dependence was NOT improved for
direct top quark production at LHC, and even became
WORSE in the region p, = puy < my.

» It is thus worthwhile to consider the higher order
corrections, especially the soft gluon effects through
threshold resummation.



Threshold Resummation

Gluon emission at every order in the perturbative expansion:
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» As the partonic center-of-mass energey +/s approaches the
top quark mass my (the production threshold), the emitted
gluons are constrained to be soft.
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Gluon emission at every order in the perturbative expansion:
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» As the partonic center-of-mass energey +/s approaches the
top quark mass my (the production threshold), the emitted
gluons are constrained to be soft.

» Two hard scales appear in this problem: Q ~ /s ~ m; and
Q’ ~ Q(1 — 2) with Q > @'. Large double logarithms
In?(1 — 2) appear with each soft gluon attached (z = m?/s).
» The convergence of the perturbative series will be spoiled if
s In?(1 — 2) <1 = need to resum the logs to all orders.



How to Resum: Conventional Approach

» The difficuty here is that with the two distinct scales
present, the straightforward application of the
renormalization group equations (RGE) can not eliminate
the two logarithms In(Q?/u?) and In(Q"?/u?)
simultaneously.



How to Resum: Conventional Approach

» The difficuty here is that with the two distinct scales
present, the straightforward application of the
renormalization group equations (RGE) can not eliminate
the two logarithms In(Q?/u?) and In(Q"?/u?)
simultaneously.

> Axial gauge invariance is utilized to separate the two scales
by the evolution equations with respect to the axial
parameter (Collins, Soper, Sterman, et. al).



Resummation is closely related to factorization. In the threshold
region, the cross section can be factorized in the axial gauge as

. . . 2 . 2
U:H<P1 5’p2 §>®J1<P1 f,p_§>®J2<p2 5,19_3)
o po pop

NH<9,€> ®J]_ <9,g,£> ®J2 <95ga£>’
1 pop pop

where £ is the axial gauge parameter.
Here p1 - & ~ pi&™ ~ Q& and pp - € ~ py & ~ QET, while
pi~p3~ Q% ~ QY 1-2)%

Now H only depends on the higher scale @), and the logs are
present in the jet functions J; and J.




To further factorize the phase space, use the Mellin
transformation

1
f(2) — F(V) = /O £(2)2N1de.

The threshold region z < 1 corresponds to N > 1 in moment
space, i.e., 1 — z <> 1/N.



To further factorize the phase space, use the Mellin
transformation

1
f(2) — F(V) = /O £(2)2N1de.

The threshold region z < 1 corresponds to N > 1 in moment
space, i.e., 1 — z <> 1/N.

In moment space the cross section becomes
+ = + —
5(N):H<P_17p_z> < (P_l,Q> % Jo <p_z,Q) +@<
L p Np p Ny
Note that

I
» The convolutions have become mulplications.

2|

)

» N appears only in the combination /N p.



Now the independece of 6 on £ immediately gives
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and similar for J;. Here I have made the dependences of these
functions on as(u) explicit.
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Now the independece of 6 on £ immediately gives

0 = (py Q B Q Py
e (5. o) (o) 10 (5 0.

and similar for J;. Here I have made the dependences of these
functions on as(u) explicit.

Note that now the contributions from the higher scale @) and
the lower scale /N have been separated! The remaining things
are to make use of these equations together with the RGE of K
and G

d d
e = — s) = —U—
'ud,uK vi (as) 'ud,uG

to derive the resummation formula for .J.



Making Use of Effective Theories

As seen above, the key to resummation is the separation of
scales. And we know that effective theories are good at this!

Basic ideas of effective theories:
» Concentrate on one scale at a time, from high to low;

» Construct effective fields and effective operators at this
scale, all contributions from higher scales are encoded in
the Wilson coefficients by a procedure called matching;

» Sum logarithms between different scales by running, i.e.,
solving the renormalization group equations (RGE).



Which Effective Theories?

» The nearly static top quark: described by the heavy quark
effective theory (HQET)

PP~ mpt + k0P =1, ke~ A<y
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Which Effective Theories?

» The nearly static top quark: described by the heavy quark
effective theory (HQET)

PP~ mpt + k0P =1, ke~ A<y

() = 3 e T ()

(2

» The initial collinear gluon and quark: described by the
soft-collinear effective theory (SCET) (Bauer, Beneke,
Fleming, Neubert, Pirjol, Rothstein, Stewart, et. al)

1
p“NEQn“quiqu:”Eﬁ”qu“, n2=0

dn(w) =D e P Gup(x), k~A<pL<Q
D



Fields in SCET

Using light cone coordinate (n? =n? =0, n -7 = 2)
pt= " p,pL)=(n-p7i-ppL)

SCET:: A~ /AQ
> collinear: p ~ Q(N\2,1,1), p? ~ Q?\?
> usoft: p ~ Q(A%, A2, \2), p? ~ Q>)\*
SCET: n~N/Q
» collinear: p ~ Q(n?,1,7), p? ~ Q*n?
> soft: p ~ Q(n,1,1m), p* ~ Q1



Lagrangian of SCET]

At leading order in A
['us = &us iﬁus ¢us
Lo =& din. Dot ipt—2 api+ e
“ " ¢ “in-D. "¢ 2"

1 . .
Leg = @ Tr{[:D* + gAL iD" + QAZ]}2

+ gauge fixing 4 ghost

wo_ 0
iDH:%P+Pﬁ+%<m-a+>

Note that the usoft & collinear sectors interact only through the
circled terms.



Soft-Collinear Decoupling

Introducing a usoft Wilson line

Yo(x) = Pexp <ig / dsn - Ays(ns + x)>
and making the field redefinition
&n — errgna Ay — YJAnYna

the usoft-collinear interactions are eliminated:

and similar for L.



Threshold Resummation Using SCET

The ideas are simple: just matching and running (Bauer, Idilbi,
Ji, Manohar, Wise, et. al).
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The ideas are simple: just matching and running (Bauer, Idilbi,
Ji, Manohar, Wise, et. al).

The first matching: QCD — SCET} at pu ~ @

(f + ihys)n,ot
Bi =n,Gut,  Gh =W, [iDh + gAL,iDY, + gAY W,



The matching condition at p ~ @Q gives the Wilson coefficient

Qs 2 13 5572
Cua( @3, 1) = o [_12| K In2 £ ]

" 02 Q2 12

as well as the anomalous dimension of the effective operator 7y,

2

Y1) = [13| 0z (6ﬁ0+10)}



The matching condition at p ~ @Q gives the Wilson coefficient

2 2
Qs [_12| i 13|2 55%]’

" 02 Q2 12

as well as the anomalous dimension of the effective operator 7y,

ng(Q27lu) = 127T

2

Y1) = [13| 0z (6ﬁ0+10)}

With this anomalous dimension, we can run the operator down
to the intermediate scale ~ QX and match onto SCET]; after
performing the field redefinition. Here A ~ /1 — z is the
expansion parameter of SCET].



Now we can calculate the NLO cross section in SCETy; at the
scale 1 ~ Qn where no large logs are present (n ~ 1 — z is the
expansion parameter of SCETqy), and then match the result
onto the product of two parton distribution functions (PDF's),
which means

O'H(Z) = UOM(Z,N) ® [fg(zuu) ® fl]('znu’)]
= M(z, 1) ® F(z, ),



Now we can calculate the NLO cross section in SCETy; at the
scale 1 ~ Qn where no large logs are present (n ~ 1 — z is the
expansion parameter of SCETqy), and then match the result
onto the product of two parton distribution functions (PDF's),
which means

O'H(Z) = UOM(Z,N) ® [fg(zuu) ® fl]('znu’)]
= M(z, 1) ® F(z, ),

The convolution here can again be factorized by Mellin
transformation:

(NTH(N) = M(N,M) X ﬁ(N,,u,).



The moment of the matching coefficient M is

1372 Nu Nu
N, 8+ —— +26In? 8l
./\/l( ME + 1 + Q 4+ 8In—= 2k

where N = NeV2. To avoid the Euler constant vz appearing in
the coefficient, we can choose the matching scale p = Q/N
rather than Q/N.



The moment of the matching coefficient M is

1372 Nu Nu
N, 8+~ +26In? 8l
M(N, p) = t—0 Xl +8In — ol

where N = NeV2. To avoid the Euler constant vz appearing in
the coefficient, we can choose the matching scale p = Q/N
rather than Q/N.

The running of the moments of F is governed by it anomalous
dimension

() = %[—26 In N + 60 + 6].



The Resummed Cross Section

Combining the above results, we can write down the resummed
cross section in moment space

F5CET(N) = oo () |ng(Q2,M)|2 1+ /\;l(N,/J)] F(N, p)

= o0(tr) |Cyg(Q% 1r)|
x [1+M(N,Q/N)| e2F (N, uy).



The Resummed Cross Section

Combining the above results, we can write down the resummed
cross section in moment space

F5CET(N) = oo () |ng(Q2,M)|2 1+ /\;l(N,/J)] F(N, p)
= oo(pr) {ng(QQaW)‘z e
x [1+M(N,Q/N)] e F(N, py).

Now the large logs In N have been resummed into the
exponents:

o g Q/N 4
112/ oy (), 122/ o (u).
Q/N M 7 H

Here p, and iy correspond to the renomalization and
factorization scales in the full theory, respectively.



Resummation at NLL accuracy

The two anomalous dimensions can in general be written as

(i) = Ax(as) In £ o +A0(0<s)7
Y2(1) = Bi(as) In N + Bo(avs),

and 4A;(as) = —Bi(as).



Resummation at NLL accuracy

The two anomalous dimensions can in general be written as

(i) = Ax(as) In £ o +A0(0<s)7
12(1) = Bi(es) In N + Bo(as),
and 4A;(as) = —Bi(as).

From the NLO matching, we can only extract these coefficients
to the first order in oy:

13
6 7
AP =0+, B =2h+2

1 1
AP — __B<)



However, to reach the accuracy of next-to-leading logs (NLL) in
the exponents, we need the coefficients A; and Bj to the second
order in og.

Fortunately, these two coefficients are process-independent and
can be extracted from the two-loop DGLAP splitting kernels:
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However, to reach the accuracy of next-to-leading logs (NLL) in
the exponents, we need the coefficients A; and Bj to the second
order in og.

Fortunately, these two coefficients are process-independent and
can be extracted from the two-loop DGLAP splitting kernels:

(1) 2
@_ lpo_ 4 67 _m\_>
A =B =5 [CA<18 6) 9]

Now we can perform the inverse Mellin transformation for the
NLL cross section:

JNLL(T)— 1 /dNT_NJNLL(N).
C

T 2mi



The Final Expression

The NLL cross section collects only the logarithms in the NLO
cross section, and the total resummed cross section should also
include the remaining terms in the NLO result, i.e,

(aO_NLL >
— Qg .
as=0 6(13 as=0

This is our final expression for numerical evaluation.

O_Resum _ O_NLL + JNLO _ O_NLL




Numerical Results

LHC (7“//\ )2 b | Tevatron (7”//\ >2fb
subprocess| PDF 0.01Tev 1) P 0.01TeV !
LO NLO Resum |LO NLO Resum
gu—t |CTEQ|12.9 17.0 23.7 268 425 547
MRST |12.2 16.3 19.5 262 426 520
gc—t |CTEQ|1.71 2.53 3.71 13.1 28.1 38.2
MRST|1.68 2.38 2.92 17.0 30.3 38.6

Here p, = pyp = my.

» The resummation effects further increase the NLO cross

sections.

» The discrepancies between the different PDF sets are still
large. These have to be improved by the fitting groups.



Scale Dependence at the Tevatron

1.8 T 1.6 T
gu=t 10— ge—t Lo ——
1.6 | NLO ----- - 1l NLO ----- |
Resum - : Resum —

1.4

0.8

0.6

w/my /e

Here p, = py = pand R(p) = o(p)/o(my). CTEQ6 PDF sets
are used.

The resummation effects further decrease the scale dependence
of the NLO cross sections remarkably.



Scale Dependence at the LHC

14

1.2

0.8

gu —t

LO
NLO
Resum

w/my

1.4

The NLO corrections do not improve the scale dependence of
the LO cross sections, while the effects of threshold

resummation are significant.
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Summary

» We have calculated the NLL threshold resummation effects
in the direct top quark productions induced by

model-indpendent FCNC couplings at hadron colliders in
the framework of SCET and HQET.

» The resummation effects increase the total cross sections
and significantly reduce the dependence of the cross
sections on the renomalization and factorization scales.

» Our results are useful for the current and future
experiments at the Tevatron and the LHC for searching
new physics, and are essential for extracting the anomalous
couplings if signals of the direct top quark production are
discovered in the future.



Thank youl!



